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ABSTRACT: We have investigated photoconductive properties of single Germanium Nanowires 
(NWs) of diameter < 100 nm in the spectral range of 300-1100 nm and in the broadband Near In-
fra-red spectrum showing peak Responsivity (ℛ) ~107A/W at a minimal bias of 2V. The NWs were 
grown by Vapor-Liquid-Solid method using Au nanoparticle as catalyst. In this report we discuss 
the likely origin of the ultra large ℛ that may arise from a combination of various physical effects 
which are (a) Ge/GeOx interface states which act as “scavengers” of electrons from the photo-
generated pairs, leaving the holes free to reach the electrodes, (b) Schottky barrier (~0.2 -0.3eV) 
at the metal/NW interface which gets lowered substantially due to carrier diffusion in contact re-
gion and (c) photodetector length being small (~few μm), negligible loss of photogenerated car-
riers due to recombination at defect sites. We have observed from power dependence of the opti-
cal gain that the gain is controlled by trap states. We find that the surface of the nanowire has 
presence of a thin layer of GeOx (as evidenced from HRTEM study) which provide interface states. 
It is observed that these state  play a crucial role to provide a radial field for separation of photo-
generated electron–hole pair which in turn leads to very high effective photoconductive gain that 
reaches a value > 107 at an illumination intensity of 10 µW/cm2. 
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1. INTRODUCTION 
Achieving ultra-high response in a photodetector is of great interest in a variety of photonic ap-
plications where small radiation powers need be detected. The applications of photodetectors 
widen if the detector can work in a broad spectral range that spans UV-Visible and Near Infrared 
(NIR).1 Semiconductor photodetectors are most widely used for this particular application.2,3 
However, most commercially available detectors made from bulk semiconductors, show respon-
sivity (ℛ), (defined as the ratio of photocurrent (𝐼௉௛) to incident light on the NW (𝑃)) < 1 A/W. 
Recently it has been established that photodetectors made from single semiconductor nanowires 
(NWs) with diameters ≤ 100nm can reach extremely large photo-response with ℛ > 10ସA/W.4-
6For example, Si4, ZnO5, GaN6, InAs7 and even for molecular material like Cu:TCNQ8, provided 
the distance between electrodes is around a μm or less. The photoconductive gain (𝐺௉௖) (defined 
as the ratio of (𝐼௉௛) to the incident number photons of frequency (𝜈) in unit time) in these NW 
devices reaches a very high value ~106 -108, which often reduces at higher illumination intensity.5 
This arises mainly due to the role played by traps in the surface depletion layer which provide a 
radial field that separates the photo-generated carriers,5 thus mitigating carrier recombination 
and leading to a very high gain.  
Other than ultrahigh responsivity, another desirable aspect in a photodetector is the wide band 
width of detection extending from UV to NIR that opens up its applications. It is envisaged that if 
single nanowire broad band detectors can be made they will pave the way for integrating such 
wires into high performance detector arrays and may even act as detectors for on-chip optical 
communication systems. Among the single NW photodetectors that show very high responsivity 
only InAs7 and Si4 have been tested for broad band application in the wavelength range 300 nm to 
1100 nm. InAs NW with diameter in the range 30-75 nm grown by MOCVD and field effect mobil-
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ity (μ) ~104 cm2/V.sec, with illumination intensity of 1.4 mW/cm2 and at a bias of 15V, shows a val-
ue of ℛ = 4.4 x 103 A/W.7 In a previous investigation from our group4 it was observed that in a sin-
gle Si NW detector, ℛ>1.5x 104 A/W is achievable in a 80nm diameter nanowire in the spectral 
range 450-1000nm with a small bias of only 0.3V with illumination intensity of few mW/cm2. 
In a photoconductor, the responsivity ℛ is directly proportional to the carrier mobility. In this 
context, investigation of photoconduction in Ge NW is very important since it is a material with 
larger 𝜇 compared to Si and interestingly, its band gap being smaller, it is expected to perform at 
longer wavelengths extending well into NIR region of the spectrum. It should be noted that Ge 
being an elemental semiconductor can be grown with more ease compared to the difficulty in 
growth of complex semiconductor NWs like InAs or InGaAs where stoichiometry control is cru-
cial. Inspite of these superior properties, Ge NW has not been investigated till date as a photode-
tector over a spectral range that extends to NIR region. However, crystalline bulk Ge has been 
studied extensively in the VIS-NIR region (upto wavelength 1800nm).9,10 Ge photodetectors based 
on single crystalline Ge are available commercially. They work in the VIS-NIR region and have 
peak responsivity with R ~0.25 A/W at 800 nm.11 Previous reports of photodetectors made from 
Ge NWs, single12-14 as well as ensemble15, have been investigated only around the visible range of 
the spectrum with wavelength < 532nm. The highest responsivity reported is around 2x102 A/W at 
2V bias.14 An investigation of absorbance of single Ge NW (using photo current as a detection 
tool) showed that the photo absorption in Ge NW depends on its diameter and differs qualitative-
ly from bulk16 as it shows a peak around 600-800nm (depending on the diameter) and drops for 
wavelength > 1000nm. The change in spectral dependence was related to leaky resonance mode in 
NWs with lengths comparable to light wavelengths.  
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In this report we show that photodetectors made from a single strand of Ge NW (diameter ~ 30 
nm) can reachℛ > 107 A/W over an extensive spectral range 350nm -1100nm with a bias of only 2V. 
This value of ℛ is the highest observed in single NW photodetectors till date over a broad spectral 
range. The peak value of ℛ ~3x107A/W is observed at a wavelength of 850 nm and low illumina-
tion intensity of 10µW/cm2. The detector has a finite gain down to an illumination intensity of 
1µW/cm2 which corresponds to detection of power of ~ 10-15 W (calculated from area of the de-
vice). It is also found that the response though reduces at longer wavelength, remains substantial-
ly high at wavelengths> 1100 nm. 
One of the factors that contribute to the very large optical gain is the contribution of sur-
face/interface states. We observe from electron microscopy data that there exists a layer of GeOx 
on the surface of the Ge NW. It is proposed that in interfaces like Ge/GeOx existence of interface 
states can lead to an effective radial field that acts to separate out the electron-hole pair created 
by the optical illumination.5 As illumination intensity increases, there is enhanced pair genera-
tion rate and the states at surface/interface get saturated beyond a critical illumination intensity, 
which then cease to act as an efficient agent for separation of the electron-hole pairs. This leads to 
reduction of gain as the illumination intensity increases beyond a critical value. 
 
2. EXPERIMENTAL SECTION 
Ge NWs were grown by vapor phase method in a dual zone furnace using gold (Au) nanoparti-
cle (NP) as catalyst dispersed on a Silicon substrate. The Au NPs were made by dewetting a thin 
film of Au grown under ultra high vacuum conditions by electron beam evaporation and subse-
quent vacuum annealing. Growth of NWs occurs by Vapor-Liquid-Solid mechanism with the aid 
of Au NPs. The details are given in a previous publication from the group.17 The Ge NWs were dis-
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persed on a SiO2 (300nm)/Si substrate from an ethanol suspension and connected to pre-grown 
contact pads (Cr(5nm)/Au(60nm) made by photolithography) by a combination of Electron 
Beam lithography and Focused electron beam deposited Pt. Transmission electron microscopy 
(TEM) of 120kV (Tecnai G 2,TF-20, ST) was employed to study the structure and phase locally on 
a single Ge nanowire. Selected area electron diffraction (SAED) patterns using high-resolution 
transmission electron microscopy were carried out on a single nanowire to see the crystal sym-
metry of the grown nanowires. The TEM-based Gatan parallel detection electron energy loss 
spectrometer (EELS) was used study the chemical binding states of Ge NWs. Electrical measure-
ments were taken by a source-meter. The photoconductivity data were taken as (𝐼 − 𝑉) curves in 
dark as well as illumination of different intensity. The spectral response(𝐼 − 𝜆) was measured by 
measuring the device current with a given bias with illumination at different wavelengths. A 
standard Xenon light source was used with a monochromator for illumination in the range 300-
1100 nm. The system in the wavelength range upto 1100 nm was calibrated using a Si detector with 
NIST traceable calibration. At longer wavelengths we used broad band source (range 300-2600nm 
with peak at 1000nm, intensity at 1800nm is ½ of that at 1000nm) with a fiber-coupled output and 
a band stop filter that blocks radiation with wavelength < 980nm. 
 
3. RESULTS AND DISCUSSION 
3.1 Structural characterization 
High Resolution Transmission Electron Microscope (HRTEM) was used for structural charac-
terization, with Selected Area Electron Diffraction (SAED) pattern showing highly oriented 
<111>planes (figure 1a) with cubic structure. Inset of figure 1a shows a TEM image of a typical Ge 
NW of diameter 45 nm. The image also shows a lower contrast region marked with black line on 
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both sides of the NW, which may correspond to a native oxide layer which has been discussed lat-
er in section 3.5. The High resolution TEM (HRTEM) image in figure 1b, shows parallel d-planes 
with spacing 0.326 nm corresponding to <111> direction. The HRTEM image also shows an amor-
phous oxide layer ~ 5-6 nm (marked in black line in fig. 1b), where no clear fringes are present. A 
proper measure of the thickness of the oxide layer has been obtained from the HAADF image (see 
Supplementary data, Figure. S1) which gives a clear contrast difference (also shown in Fig. 7c). 
Thus, the Ge NWs used to fabricate photodetectors are single crystalline and highly oriented. 
3.2 Photodetector characteristics 
We have studied eight samples of photodetectors made from Ge NWs with diameters ranging 
from 30-90nm. However, in this paper we will discuss results on two wires with diameter 30 nm 
and 65 nm (see table 1 for summary of samples measured and experimentally obtained parame-
ters). The results in other wires are qualitatively similar and the responsivity typically lies within 
the range of the 105-107A/W. The length in the table refers to the distance between the two elec-
trodes (referred to as 𝐿). The contact length may also partly contribute to the total length. How-
ever, the contact length being small, the extent of uncertainty is small.  
The NWs grown from vapour phase are not intentionally doped. However, it has been known 
from previous studies18-20 of growth and electrical measurements that the NWs are p-type in na-
ture. During growth, the NWs are prone to catalyst doping (electron acceptor levels) that leads to 
the p-type nature. We have studied the following parameters: (a) the device current 𝐼 as a func-
tion of bias at a fixed wavelength by studying the (𝐼 − 𝑉) curve with different illumination inten-
sities (ℐ), (b) spectral dependence of photocurrent (PC) in the spectral range 300-1100 nm for a 
fixed bias. The PC is defined as 𝐼௉௛ ≡ (𝐼 − 𝐼ௗ௔௥௞) for a given bias, illumination intensity and wave-
length, 𝐼 being the device current with illumination and 𝐼ௗ௔௥௞the device current in dark at same 
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bias voltage. The power incident on the nanowire 𝑃 for a particular intensity has been calculated 
from the illumination intensity ℐ(measured in W/cm2) using the relation, 𝑃 = ℐ ×  𝒜, where 𝒜 is 
the collection area of the nanowire defined as 𝒜 = 𝜋𝐿𝑑. The power absorbed by the nanowire is 
less than the incident power𝑃.21 The approximate fraction is estimated as 50% in absence of prop-
er data. It is noted that 𝑃 is an upper limit of the absorbed power, thus underestimating ℛ.  
 
Figure 1. (a) SAED pattern of a Ge NW showing highly oriented planes along (111) direction and 
the inset showing a TEM image of the same, with diameter ~45 nm. The sides of the NW have 
been marked in black, which appear at a different contrast as compared to the core of the NW and 
show likely existence of oxide layer (b) HRTEM image of a Ge NW with distance between parallel 
d-planes~ 0.326 nm, and amorphous oxide layer, where no clear fringes are present. 
The following device parameters obtained from measurements are photo-current gain (𝐺௉௖) , 
Responsivity ( ℛ =  𝐼௉௛ 𝑃⁄ ) and Specific Detectivity (𝐷∗). 𝐺௉௖ at a given wavelength or frequency 𝜈 
is defined as the ratio of the photo-generated carriers per unit time (𝐼௉௛) to the incident number 
photons of frequency (𝜈) in unit time (𝑃 ℎ𝜈⁄ ) and is given by 𝐺௉௖ = ℎ𝜈𝐼௉௛ 𝑒𝑃⁄ . The Specific Detec-
tivity is defined as, 𝐷∗ =  ඥ𝒜∆𝑓 𝑁𝐸𝑃⁄ , where 𝒜 is the area of the NW exposed to incident radia-
tion, ∆𝑓 is the signal bandwidth and 𝑁𝐸𝑃 is the power at which the signal to noise ratio is unity. 
  
8
(Note: The NEP includes shot noise, flicker noise and thermal noise. In most calculations of NEP, 
only the shot noise is calculated to determine the NEP. This is not the true value of the NEP, 
which should be experimentally determined as the power at which the photocurrent to dark ratio 
is unity.) All the relevant parameters are summarized in Table 1. 
Table 1. Ge NW photodetector device parameters measured at wavelength 650nm and il-
lumination intensity 1000μW/cm2. 
Nan-
owire 
Name 
Di-
ame-
ter 
(d) 
(nm) 
Length 
(𝐿) 
(μm) 
be-
tween 
elec-
trodes 
Resis-
tivity  in 
dark 
(ρo) (Ω-
cm) 
Responsiv-
ity 
(ℛ)(A/W)a
t bias volt-
age in 
brackets 
Detectiv-
ity(𝐷) 
(cmHz1/2
/W) 
Photo-
gener-
ated 
carrier 
ratio 
(୼௡
௡೚
) 
Gain 
(𝐺௉஼) 
Lowering of 
Schottky barri-
er height under 
illumination of 
maximum in-
tensity (|Δ𝜙|) 
N1 65 3.2 6.5x10-2 1x105 (1V) 
 
5.5x1011 6.2 4x105 19 meV 
A1 30 1.2 4.9x10-2 3x106 (1 V) 
2.8x107 (2 
V) 
4.2x1012 
1.5x1013 
12.2 1.5x106 
2.1x107 
61 meV 
 
In Figure 2a we show a typical example of (𝐼 − 𝑉) curves taken in dark and with illumination of 
650nm with an intensity of 100μW/cm2 on NW A1 (diameter 30 nm). At a bias of 2V the current is 
around 1µA. In Figure 2(b) and (c) we show a contour plot of device currents as a function of bias 
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with different levels of illumination intensities in NW N1 and A1 respectively. The colour code 
gives the device current plot data with same scales of illumination and upto bias of 2V. Figure 2d 
shows Gain in the NWs as a function of bias voltage. The I-t curves of the photodetectors at a 
fixed bias are given in Supplementary data, Figure S2. 
The (𝐼 − 𝑉) curves of NW photodetectors can be modelled as an MSM device with back to back 
Schottky diodes and thermionic emission (TE) as the dominant mechanism of carrier injection 
across the MS interface.22 This allows us to find two important device parameters, namely, the 
Schottky Barriers, 𝜙ଵ and 𝜙ଶat the MS interfaces and the value of nanowire resistance 𝑅ேௐ which 
lies in between the two MS contacts. We have analyzed the (𝐼 − 𝑉) curves of both devices using 
the modified Richardson –Dushmann equation22 given by: 
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where, 𝐼଴ is contribution due to thermionic emission at the contacts given by AART2, where A is 
the area of contact and AR is the Richardson constant, 𝑉ᇱ =   𝑉 − 𝐼𝑅ேௐ and η is the ideality factor 
of the diode. The analysis of the (𝐼 − 𝑉) curves (fit to the data are shown as solid lines in Figure 
2a) allow us to determine the evolution of 𝑅ேௐ with illumination intensity. This helps to deter-
mine the extra carrier density (𝛥𝑛) generated by illumination. The analysis also gives us a meas-
ure of the lowering of the barrier height on illumination. This is an important factor that adds on 
to the photocurrent and enhances it. 𝑅௢ is designated as the value of resistance of NW in dark and 
from it we obtain the resistivities of the NWs. It can be seen from table 1, that the resistivity 𝜌௢of 
NW N1 6.5x10-2Ωcm and A1 is 4.9x10-2Ωcm. A comparison of the resistivities of the NWs with 
bulk20 will give an approximate carrier concentrations (𝑛௢) in the NWs in dark and at ~ 1000 
μW/cm2 respectively. 
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The enhancement in conduction of the NW (𝛥𝑔ேௐ) under illumination has been derived from 
the relation, 𝛥𝑔ேௐ = (𝑅ேௐିଵ − 𝑅଴ିଵ). Both 𝑅ேௐ and 𝑅௢ have been obtained from experiment. The 
ratio 𝛿 of the change in conductivity of the NW on illumination to that in dark (𝛿 = 𝛥𝑔ேௐ 𝑅௢ିଵ⁄ ) 
is shown in Figure 3a for both the NW devices. Substantial change in the photoconductivity com-
pared to that in dark is observed. Assuming that mobility does not change upon illumination, the 
ratio 𝛿 is the change in the carrier concentration on illumination (𝛥𝑛 𝑛଴⁄ ≡ (𝑛 − 𝑛଴) 𝑛଴⁄ ), 𝑛଴ be-
ing the carrier concentration in dark. At high illumination intensity (> 20 µW/cm2), 𝛥𝑛>𝑛଴. 
 
Figure 2. (a) ) I-V characteristics of device N1 in dark (black) and under illumination (blue) at 
650nm wavelength of light with intensity ~ 100μW/cm2 along with the MSM model fitted curves 
(red). (b) and (c) Contour plot of device current as a function of bias with light intensity for A1 
and N1 respectively at 650nm wavelength of light (d) Effective Gain (Geff) plotted as a function of 
bias voltage for both NWs at 650nm light for intensity ~ 100 μW/cm2. 
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Figure 3. (a) The ratio δ (relative change in conductance on illumination) as a function of illumi-
nation intensity at 650 nm light. (b) Shows the barrier heights as deduced from analysis of the 
data as a function of illumination intensity. The barrier height at dark is marked with red arrow 
on y-axis. 
In Figure 3b, we plot the Schottky Barrier (SB) height as obtained from the fit above, where it 
shows reduction of the SB as a function of illumination intensity. We have plotted the average 
barrier height 𝜙 ≡ (𝜙ଵ + 𝜙ଶ) 2⁄ , where 𝜙ଵand 𝜙ଶ have been obtained from the modified Richard-
son-Dushmann equation (eqn. 1) fit to the data. The lowering of SB height occurs for both the 
nanowires. The initial barrier height, 𝜙 in dark for NW A1 is larger compared to that of the NW 
N1, although they are of comparable order. In case of NW N1, the lowering of the SB height 
|𝛥𝜙| ≈ .02 𝑒𝑉and that for the NW A1 is |𝛥𝜙| ≈ .06 𝑒𝑉for illumination intensity ~ 1mW/cm2. To 
assess the reduction in the barrier height that occurs due to diffusion of carriers in the MS contact 
region, we estimate |𝛥𝜙|, from change in the chemical potential due to the change in carrier den-
sity due to diffusion. The carrier diffusion upper limit is given by the change in the carrier concen-
tration 𝛥𝑛 𝑛଴⁄  due to photo generated carrier which we estimated before. Thus, we estimate an 
upper limit of the SB height lowering due to the photo generated carriers as:24 
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|∆𝜙| =  ௞ಳ்
௤
𝑙𝑛 (௡బା∆௡
௡బ
)                                             (2) 
The ratio(𝑛 + 𝑛଴) 𝑛଴⁄ ) has been obtained from the experimentally measured 𝛿 as mentioned 
before. Comparison with observation shows that the values of |𝛥𝜙| though comparable to the es-
timated values, are consistently lower (~ 10meV) at 1mW/cm2. This is expected; the calculated 
|𝛥𝜙| is an upper limit which assumes that all the photogenerated carriers diffuse into the contact 
region. In reality, a smaller fraction will diffuse in, because some part of the photogenerated car-
riers recombine in the depletion region and in traps. The comparison establishes that the diffu-
sion of carriers in the MS contact region leads to changes in the chemical potentials which lower 
the barrier height. The reduction in 𝜙 is an important effect, which adds on to the photocurrent 
of the Ge NW photodetector. 
3.3 Ultrahigh spectral response in UV-Vis-NIR region  
The major result of the present investigation is ultra large responsivity ℛ obtained in the pho-
todetector made from a single Ge NW. A simple measure of the sensitivity of the single Ge NW 
can be appreciated from the following observation. A photocurrent ~ 50 nA is detected in a single 
Ge NW (A1) with area of light collection ~ 10-9 cm2 at 2V bias in a room dimly lit with white light 
(from a CFL). The same photocurrent is obtained by a commercial Si photodetector with collec-
tion area of 1 mm2. This immediately shows that the responsivity of the nanowire detector is larg-
er than a commercial detector by few orders which is approximately the ratio of the collection ar-
eas of the Si detector and the Ge NW detector. 
The Responsivity versus wavelength data is shown in Figure 4a for both the detectors. The data 
shown in Fig. 4a show that the NWs have photo response (R ~ 107 A/W) that are orders of magni-
tude higher compared to those of photodetectors made from bulk Ge crystals (R<1 A/W ). The 
spectral response of both the NW extend to similar ranges although the value of ℛ differ by two 
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orders of magnitude. At a bias of 1V for NW N1, ℛ > 104 A/W over the broad spectral range of 300 
nm to 950 nm peaking at a value of ℛ = 105 A/W at 850 nm. At the same bias (1V) and over the 
same spectral range, for NW A1, ℛ > 106 A/W, an order higher. This observation is in conformity 
with the ℛ measured in different semiconductor single NW photodetectors which finds that de-
creasing the diameter enhances the value of ℛ. At 2V for NW A1, an enhancement of one more 
order has been achieved and ℛ > 107 A/W over the spectral range 300 nm to 1000 nm with a peak 
value of ℛ = 3 ×107 A/W at 850 nm. We note that this value is one of the largest photo responsiv-
ity reported in single NW photodetectors that show broad spectral response. In the photodetec-
tor with diameter 30 nm NW, the value of ℛ is at least an order larger compared to that of the de-
tector with diameter 65 nm. The dip in ℛ as shown in fig. 4a in the shaded region is due to source 
characteristics as we have a Xenon lamp source, which has very strong emission lines in the NIR 
region interposed with regions of low emission intensity. It is also noted that the decrease in pho-
to response at longer wavelengths partly arise due to decrease in absorption in this region in Ge 
NWs.16 To check the efficiency of the NW photodetector at longer wavelengths, we measured the 
photocurrent in the broad band NIR region from 980-2600 nm using a white light source. The 𝐼௉௛ 
obtained from broad band source in NIR region is ~1 μA as shown in Figure 4b for both the nan-
owires. This is much larger than the dark current and the noise limit. The broad band source used 
has peak emission at 1000nm from which we determine the intensity ~ 1.5 mW/cm2, using Si de-
tector (R= 0.46 A/W at 1000nm). The photocurrent of the order μA in both NWs, is quite large 
and can be assumed to have partly originated from illumination in the NIR region beyond 1100 
nm and upto 1850 nm, which is the band gap of Ge. Photoconductivity measurements though 
performed at individual wavelengths in the NIR region (beyond 1100 nm), cannot be quantified 
due to lack of a proper intensity calibration. 
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There are certain factors which may lead to overestimation ℛ of which, one is the physical 
cross-section of a laid wire as the light collection area because of the antenna effect due to the 
underlying Silicon (below the 300 nm SiO2 layer).25,26 We have performed a control experiment 
and shown that this effect does not hamper or interfere with photoconductive properties of the 
Ge NWs under present experimental conditions. We point out that in the device structures that 
have been used, there may be some additional contributions arising from the SiO2 layer acting as 
a wave guide and thus collecting radiation over an effective area that is larger than the nanowire. 
To rule out these effects we have tested the photo-response by illumination away from the NW. 
We find that for illumination even at a distance of 2-3 times the diameter of the NW the response 
is very little. Thus, any uncertainty arising from such an effect is within a factor of 2-4. Thus, a re-
sponsivity of 3x107 A/W can get scaled down to not less than 107 A/W by such effect. Thus, the 
large photo-response is an intrinsic property of the Ge NW. 
Enhancement of the photoconduction on illumination has also been measured through the 
photo-current gain as defined previously. An example of measured 𝐺௉௖ versus illumination inten-
sity is shown in Figure 5a for the device with NW A1 taken at wavelength 650 nm measured at a 
bias of 1V. Similar data is also seen for the device N1. 𝐺௉௖ increases with bias as has been shown in 
supplementary data Figure S3. For a given bias (see Figure 5a) 𝐺௉௖initially increases with intensity, 
reaches a maximum and then reduces again at higher intensity. It should be noted that a part of 
the enhanced device current also arises due to lowering of SB height 𝜙 as discussed in the previ-
ous section. The contribution to the enhancement of device current due to enhancement of the 
barrier penetration probability can be measured by a factor, 𝜅 = exp(|𝛥𝜙| k୆T⁄ ). Thus dividing 
the observed 𝐺௉௖ by this factor gives us the effective gain 𝐺௘௙௙ ≡ G௉௖ 𝜅⁄  . In Figure 2b, there is a 
plot of 𝐺௘௙௙ as a function of bias voltage for both the nanowires. Figure 5a shows a plot of 𝐺௘௙௙ as a 
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function of the illumination intensity. At lower intensity |𝛥𝜙| being small, the difference is not 
much. However, at higher intensity where |𝛥𝜙| is comparable to 𝑘஻𝑇, the correction is large. Nev-
ertheless, we observe that the value of intensity where 𝐺௉௖ and 𝐺௘௙௙ both show a peak remains 
unaltered. 
In Figure 5b, we show the effective gains 𝐺௘௙௙ for both the NW devices. 𝐺௘௙௙ reaches a maxi-
mum value in excess of 107. This is one of the highest reported till date and is surpassed only by 
single NW ZnO detector that reaches a peak gain of 108.5 In the device with NW A1 (diameter = 30 
nm), 𝐺௘௙௙ is larger by a factor of six as compared to that of the device with NW N1 (diameter=65 
nm). However, the illumination intensity where, 𝐺௘௙௙ peaks is very similar for both the wires at ~ 
10 µW/cm2. 
The extremely large value of 𝐺௘௙௙ ≥107 achievable in the photodetectors is contributed by a 
number of factors. The enhancement of carrier concentration on illumination (𝛥𝑛) is definitely a 
large contributing factor, as has been discussed above. However, this alone cannot enhance the 
gain to such high values. Another important factor is contributed by the device size where the 
length 𝐿 (distance between electrodes) being ~1-3µm, is less than the recombination length that 
makes the transit time of the carrier 𝜏௧௥௔௡ = 𝐿ଶ 𝜇𝑉⁄  short. A short 𝜏௧௥௔௡௦ makes the external quan-
tum efficiency (𝐸𝑄𝐸 = 𝜏௥௘௖௢ 𝜏௧௥௔௡⁄ , where 𝜏௥௘௖௢is the carrier recombination time) large so that the 
gain 𝐺௘௙௙ (∝ 𝐸𝑄𝐸) becomes large. The carrier diffusion length for both hole and electrons has 
been measured in intrinsic Ge NW27 and for holes is ~4-5 µm, depending on the mobility of the 
material. As a result, devices with sizes in the range of 1 µm can collect carriers without sufficient 
recombination. 
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Figure 4. (a) Spectral dependence of Responsivity of the Nanowire photodetectors at different bi-
as taken with illumination intensity ranging from 50 – 600 μW/cm2. The shaded region has very 
low source intensity. (b) The photo-current at longer wavelengths in the NIR region measured 
with a broad band source (980nm -2600nm). 
 
Figure 5. (a) Gain Gpc and Effective Gain (Geff) versus Intensity for the detector with NW A1 at a 
wavelength of 650nm for 1V bias. (Bias dependence of Gpc is shown in supplementary data (see 
Figure S3). (b) Effective gain for the two nanowire devices as a function of illumination intensity. 
The dotted line is the fit to the equation 3 that gives decrease of effective gain due to saturation of 
interface states (see table 2). 
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3.4 Gain dependence on illumination intensity 
Nanowire photodetectors differ from their bulk counterpart mainly due to the dominant role of 
surface. It is often taken as a recombination site and thus lowers photo response in bulk. However, 
in case of NWs, the surface plays a very different role and enhances the responsivity. The existence 
of a depletion layer on the surface of a NW (which is promoted by existence of a native oxide layer 
or one that is acquired during growth) plays an important role that is not seen in a bulk detector. 
It is the small radius that helps in using the surface states as a major facilitator5 for enhancing the 
photoresponse. Presence of the depletion layer (and the special nature of the GeOx/Ge interface) 
traps the electrons effectively and separates them from the photogenerated holes by an effective 
radial field (see Figure 6). This inhibits carrier recombination and the holes can reach the elec-
trodes without significant recombination. While in a forward biased contact (+ve), the barrier for 
holes is high, in the reverse biased junction (-ve), the holes get effectively collected. This process 
of carrier separation by a built-in radial field due to formation of a depletion layer at the GeOx/Ge 
interface, is at the core of enhanced performance of the NWs as an efficient photodetector.5 As 
electrons get trapped at these interface states, the strength of the radial field decreases i.e. the 
depletion width decreases and this reduces the Gain at high intensities. This also explains why 
making the wire narrow (smaller diameter) improves its performance by a few orders. The exist-
ence of surface states acts as an effective facilitator for enhanced photoresponse and can be seen 
from the dependence of 𝐺௘௙௙ on the illumination intensity where a peak in the gain is seen. For 
illumination intensity ℐ > than the optimal value (ℐ଴), the gain decreases as a function of intensi-
ty. As the illumination intensity increases, the carrier generation rate increases which saturate the 
traps, reducing the band bending that gives rise to the radial field. As a result beyond a certain 
illumination intensity the gain decreases. The dependence of 𝐺௘௙௙ with ℐ for ℐ > ℐ଴ is given by,5,12 
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𝐺௘௙௙ =
ఛ೗ ఛ೟ೝೌ೙⁄
ଵାቀ ℐℐబ
ቁ
ഀ                 (3) 
where, the unsaturated intensity independent gain depends on the carrier transit time 𝜏௧௥௔௡, 𝛼 
is a phenomenological fitting parameter that depends on the recombination of carriers at the trap 
states and 𝜏௟ is the carrier lifetime. The fitting of the experimental data to the above equation also 
gives us the value of the illumination intensity ℐ଴ where the gain saturates. From the value of ℐ଴ it 
is possible to obtain the value of surface trap density 𝑇ௗ using the relation, 𝑇ௗ =  ℐ௢ ℎν⁄ . The pa-
rameters obtained from the fits to equation 3 are given in table 2. For both the wires the values of 
ℐ଴ are very similar although it is somewhat larger for the device N1 which has relatively larger trap 
density. We do not have an independent measure for the trap density at the interface. The value of 
𝜏௟ 𝜏௧௥௔௡⁄ ~ 107, shows that the lifetime of carriers (holes) are indeed enhanced due to capture of 
electrons at the trap states, driven by the radial field. In the 30 nm NW, there is a tenfold increase 
in ℛ at the same bias as compared to N1 which has 65 nm diameter. The above discussion clearly 
establishes the crucial role that a surface play in the photocarrier dynamics. 
Table 2. Fit parameters for dependence of effective on illumination intensity. 
 NW  
Name 
𝜏௟ 𝜏௧௥௔௡⁄  ℐ଴(μW/cm2) 𝛼 𝑇ௗ(cm-2s-1) 
N1 1.0x107 9.0±2 0.87 (2.9 ±0.2) x1013 
A1 2.5x107 8.3±1.4 0.95 (2.6 ± 0.2)x1013 
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Figure 6. (a) A schematic of the axial section of the photodetector shows Schottky barrier at both 
ends of the metal/nanowire, with trap states lying near the Fermi level. The device is under illu-
mination, showing dynamics of photogenerated electron and holes. (b) Photoconduction mech-
anism in Ge NWs showing trap states lying at the Ge/GeOx interface, which capture electrons. 
The radial field is created by a depletion layer at surface that drives electrons towards the traps, 
thereby separating the photogenerated pair, and migration of the hole to the reverse biased elec-
trode. (The interface region of Ge/GeOx has been highly exaggerated in the schematic diagram.)  
3.5 Nature of the oxide layer 
From the nature of dependence of gain on illumination intensity, we proposed presence of an 
oxide layer on the surface of Ge NWs. To establish and substantiate the above hypothesis, we have 
performed Electron Energy Loss Spectroscopy (EELS) using TEM to get information on the chem-
ical binding states of Ge and nature of the oxide layer. The EELS spectrum was analysed using 
multiple Gaussian peak fitting. The EELS spectrum of Ge L edge (figure 7a) shows a broad spec-
trum. The spectrum of Ge L edge corresponding to the transition of Ge 2p has been fit using 
standard Gaussian fitting, which shows Spin-orbit splitting into 2p3/2 (L3) and 2p1/2 (L2) at 1217 and 
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1247 eV respectively. Apart from these elemental peaks of Ge, there is another peak whose edge is 
1222 eV and this corresponds to the binding energy of Ge other than metallic state.28 The O K 
edge spectra correspond to the transition of O 1s is shown in Figure 7b. Splitting can be observed 
in the O K edge which shows two peaks, one of which is the K edge from O 1s orbital at 532 eV. 
The other peak shows absorption edge below 530 eV, which corresponds to binding energy of 
metal oxides. Thus it can be inferred from the EELS spectrum analysis that the Ge NW has oxy-
gen, which is surface absorbed as well as in the form of GeOx (x≤2). 
The spatial position of the Ge oxide was investigated using Energy dispersive X-ray Spectrosco-
py (EDAX) line profile of a Ge NW taken in Scanning TEM (STEM) mode along the radial direc-
tion, as shown red arrow in Figure 7c. The High-angle annular dark-field (HAADF) detector (Fig-
ure 7c) for imaging shows presence of a thin layer (~5nm) at a lower contrast compared to the 
bulk portion of the NW, which appears bright. In the inset of Figure 7c, the plot of The Line 
EDAX profile shows Oxygen concentration (from the K shell) at the two ends of the NW to be 
maximum, while the Ge concentration profile (from the L shell) is almost complementary to it. 
The maximum Ge concentration lies from 15-45 nm in the line EDAX profile. There is a finite size 
of the electron beam for each step size taken for the line profile which causes spatial broadening 
of the line scan leading to an apparent larger thickness of the oxide layer compared to the actual 
thickness. Nevertheless, it is established that the surface of the NW is surrounded by an oxide 
layer, while the core is Ge. 
The efficiency of the surface states also becomes important due to the nature of Ge/GeOx inter-
face. The Ge/GeOx interface is very different from the interface of Si/SiO2. It was found through 
hybrid density functional theory calculations26 that a majority of Ge and O atoms are threefold 
coordinated. This leads to formation of valence alternation pairs (VAPs) in the low-oxygen region 
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of the interface.29 These VAPs are prone to charge trapping; particularly it can trap a pair of elec-
trons more efficiently than a single electron. This shows that in Ge NWs with an oxide surface, 
there is very efficient “scavenging” of electron from the generated pairs leaving the holes free to 
reach the electrodes. This drastically reduces carrier recombination and enhances photo-gain. 
 
Figure 7. (a) EELS spectrum from 1150 to 1400 eV showing the Ge L3 (1247 eV) and L2 (1217 eV) 
peaks and a shallow oxide binding energy loss peak, with edge at 1220 eV. (b) EELS spectrum from 
525-545 eV to capture the binding energy of Oxygen, which shows two peaks with an edge at 532 
eV for adsorbed surface oxygen primarily from O 1s orbital and the other peak corresponding to a 
metal oxide peak, with edge below 530 eV. In both cases, the black line represents the experi-
mental data, the blue lines are for elemental peaks and the red lines are showing other binding 
peaks. (c) The HAADF image of a Ge NW, showing the direction marked with red arrow, along 
which line EDAX profile was taken. Inset shows the line Edax of a single Ge NW taken in STEM 
mode with O and Ge concentration profile along the radial direction as marked by arrow. 
 
3.6 Photon detection limit analysis 
The effectiveness of the photodetector in presence of noise is an important factor, which is often 
measured by the Specific Detectivity, 𝐷∗ =  ඥ𝒜∆𝑓 𝑁𝐸𝑃⁄  as defined before. The signal band-
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width ∆𝑓is selectable by the user and often is limited by the parasitic capacitance. In the device 
configurations used by us the measured ∆𝑓 is ≤ 1 KHz. We thus take an upper limit of the band 
width =1 KHz. As a realistic estimate we take NEP as the power at which the signal to noise ratio 
just reaches unity (see supplementary information Figure S4.). For the NW N1, NEP is 6x10-15 W 
and for NW A1 device it is 0.3x10-15 W. (All the relevant parameters are summarized in Table 1). 
The observed values of 𝐷∗ being larger than 1011 cmHz1/2/W and reaching even 1013 cmHz1/2/W for 
A1 is appreciable, since commercial bulk Ge detector has D ~1012cm1/2Hz/W.11 This ensures that 
making the detector size in nanometre domain does not degrade its performance by extra noise. 
The value of 𝐷∗is comparable to most single NW photodetectors.4 
A practical guide to find the minimum energy (or minimum number of photons) the NW de-
vice can detect, may be obtained from the observed responsivity ℛ = 3 ×107 A/W at 850 nm for 
NW A1 at an illumination intensity 57 μW/cm2. For a detection band width of 0.5Hz (integration 
time ≈ 0.3 sec.) the rms current noise is ≈ 10nA. This implies that the detector can detect ≈ 0.3x10-
15 W and taking into account the integration time this will translate to 0.1x10-15Joule. A photon of 
wavelength 850 nm carries energy 2.32 x 10-19 Joule. Thus the detector can detect a minimum of 
~430 photons. The highest gain 𝐺௘௙௙ for the NWs occurs around 10µW/cm2. For the detector with 
NW A1, the area 𝒜 over which the light illumination is absorbed is ≈ 2.26x10-9 cm2. This translates 
to about 22x10-15 W, which gives an upper limit for its best performance. Another alternate way to 
find the minimum power the detector is sensitive to, is to proceed from the measured gain 𝐺௘௙௙. 
The detector retains a finite measureable gain even for illumination intensity of 1µW/cm2. Thus it 
can detect below 2x10-15W. These estimates give us a good range of the minimum energy/power 
the single Ge NW detector can measure and measurement of ~10-15 Joule will be possible with 
these detectors, taking into consideration their NEP and detection band width. 
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3.7 Diameter dependent concentration the Electric field due to light inside a nanowire with clad-
ding 
In addition to the factors discussed before another additional factor contributes to enhanced 
photoresponse in narrow nanowires. There is partial enhancement of the electric field of the il-
luminating light thus increases electron-hole pair generation. We have used Maxwell’s equations 
to find the analytical solution to the electric wave propagation inside a Ge NW with an oxide layer 
surrounding it. We have calculated the electric field in the cladding at 2.5 nm inside the GeO2 
layer and in the core at 3 nm from the central axis of the NW, which is 1μm in length. Details are 
given in Supplementary information.  
From Figure 8, we can see that the amplitude of electric field is always greater in the core than 
the cladding. The electric field in the nanowire increases drastically as diameter reduces below 60 
nm. In the 30nm wire the enhancement of the field is around 1.5 times than that in the 65 nm 
wire.  
 
Figure 8. Amplitude of Electric field in the Ge NW core and the GeO2 cladding layer 
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4. CONCLUSIONS 
We establish that photodetectors can be made from single Ge NWs that show ultrahigh respon-
sivity exceeding 107 A/W (nanowire diameter ~ 30 nm) over a broad spectral range 300 nm -1100 
nm with finite response extending well into the NIR region at wavelength > 1100 nm. The relative-
ly low current noise and such high responsivity gives rise to a detector that can detect down to 10-
15W. The large optical gain exceeding 107 is achieved at a low optical illumination intensity ~ 
10µW/cm2. One of the core enabling factors that leads to such a high gain and responsivity is the 
surface layer of GeOx as we have seen from extensive electron microscopy analysis, which gives 
rise to a depletion layer that traps electrons of the illumination generated electron-hole pair and 
leaves the hole free to reach electrodes without recombination. The device length ~1-3µm being 
smaller than the carrier diffusion length facilitates collection of carriers effectively before recom-
bination.  
SUPPORTING INFORMATION DESCRIPTION 
The Supporting Information includes HAADF image of a nanowire, I-t curves of both nanowires 
at a fixed bias and different intensity, Gain as a function of intensity with varying bias and I-t 
plots for determination of NEP and details of the calculations in section 3.7. It is available free of 
charge on the ACS Publications website.  
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Supplementary Information 
 
 
 
Figure S1.  HAADF image here with the oxide layer marked in orange line. The oxide layer shows thick-
ness of 6.5 nm while the core has thickness of 40 nm. 
 
Figure S2. The I-t curves of N1 and A1 are shown for fixed bias at 650 nm light of different intensities. 
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 Figure S3. I-V characteristics of A1 at different intensities at 650nm wavelength of light. 
 
Figure. S4. The Current versus time plot from which we determine the NEP, when the signal to noise ra-
tio is unity and the subsequent current noise in A1 and N1.   
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Supplementary note on: 
Diameter dependent concentration the Electric field due to light inside a Nanowire with clad-
ding. 
We have determined the amplitude of Electric field inside the NW at the core as well as the oxide as a 
function of nanowire diameter. We have taken a 2D model of rectangular slab of variable width (d), 
which is the Ge core diameter with 5 nm width of GeO2 layer (cladding) on both sides of it. It takes into 
account an electromagnetic wave of wavelength 650 nm incident on the NW from one edge. The method 
assumes the electric wave propagation along the axis of the NW (z-direction) following the equation, 
𝐸௭ =  𝐸௬𝑒ି௜௞ೣ௫, 
where, the y-component is along the radial direction. (see figure SS4 below). The NW has a surrounding 
oxide layer, which acts as cladding and causes a wave guiding effect in it. Hence, 𝐸௬ it is defined at the 
two regions as, 
𝐸௬ = 𝐴𝑐𝑜𝑠(𝑘௬𝑦) (in the Ge NW core) and 
𝐸௬ = 𝐵𝑒ି(ఎ௬ା
೏
మ) (in the GeO2 cladding). 
The continuity equation at the interface of the core and cladding gives us the wave guiding condition, 
solving which, we can determine η and in turn, the value of 𝐸௭. We have taken 3x104  photons falling on 
unit area of the NW per unit time, to find the value of the constants A and B.  
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Figure S5. Schematic showing the coordinates in the Ge NW model which we used for calculations. 
 
